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Within low-scale seesaw mechanisms, such as the inverse and linear seesaw, one expects (i) po- 
tentially large lepton flavor violation (LFV) and (ii) sizeable non-standard neutrino interactions 
(NSI). We consider the interplay between the magnitude of non-unitarity effects in the lepton mix- 
ing matrix, and the constraints that follow from LFV searches in the laboratory. We find that NSI 
parameters can be sizeable, up to percent level in some cases, while LFV rates, such as that for 
/I — >■ £7, lie within current limits, including the recent one set by the MEG collaboration. As a result 
the upcoming long baseline neutrino experiments offer a window of opportunity for complementary 
ijT^ LFV and weak universality tests. 
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qL| I- INTRODUCTION 

Oh 

^ One of the biggest challenges in particle physics is to unravel the nature of the dimension five operator ilj responsible 

r^ ... ■ • • m 

I I for generating the pattern of neutrino masses and mixings required to account for current oscillation experiments [2] ■ 

.. Within the seesaw mechanism j3l|4j this operator arises from the tree-level exchange of heavy messenger particles. For 

^ example, in the so-called type-I seesaw, these messengers are three SU{?>) x SU{2) x C/(l) singlet right-handed neutrinos, 

Q^ which must be super-heavy in order to account for the observed smallness of neutrino masses. However, since singlets 

(^•^ carry no gauge- anomaly, their number is theoretically unrestricted. Such generalized type-I seesaw schemes (Sj |6] 

^^ provide the theoretical basis for the formulation of the inverse seesaw [7] and the linear seesaw schemes [5] . Both are 

r ■ capable of realizing the type-I seesaw mechanism at the TeV scale and, as a result, these schemes open the possibility 

^•^ for novel phenomena such as 

T-H ... iTTirrm 

1. lepton flavor and/or CP violating processes unsuppressed by neutrino masses [9H12). 
> 
►v>( 2. effectively non-unitary lepton mixing matrix |13H15j leading to non-standard effects in neutrino propagation |16l - 

Both features arise from the non-trivial structure of the electroweak currents in seesaw schemes [30 ^. While their 
expected magnitude is negligible within the standard type-I seesaw, it can be sizeable in low-scale seesaw mechanisms. 
In this paper we analyse quantitatively the interplay between these two classes of processes. More precisely we define 
reference parameters describing the typical magnitude of non-standard neutrino propagation effects and compare them 
with the constraints which arise from the searches for lepton flavor violating (LFV) processes [20H22] . For definiteness 
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^ They are generic in electroweak gauge models that mix fermions of different isospin in the weak currents [19) , 



we focus on two simple realizations of low-scale seesaw, namely the inverse and linear seesaw schemes. Non-unitarity 
effects may also arise from the charged lepton sector [23], leading also to lepton flavor violation. 

We find that unitarity violation effects in neutrino propagation at the percent level are consistent with the current 
bounds from lepton flavor violation searches. Therefore their search at upcoming neutrino oscillation facilities |24j 
opens a window of opportunity to probe for new effects beyond the standard model. 

The paper is organized as follows: in section|n]we review the type-I seesaw mechanisms, first the high-scale and then 
the low-scale linear and inverse seesaw realizations, fixing the notation and giving general expressions for the unitarity 
violating parameters; in section [lll| we study the analytical expressions relating LFV decay branching ratios with the 
non-standard pieces of the general seesaw lepton mixing matrix characterizing inverse and linear seesaw schemes; in 
section IV we describe the parameters used in our numerical analysis, and in Sec. IVlwe present our numerical results. 



both for normal and inverse neutrino mass hierarchies. Finally we give our conclusions. 

II. HIGH AND LOW-SCALE SEESAW MECHANISMS 

The smallness of neutrino mass with respect to that of charged fermions can be naturally accounted for within the 
seesaw mechanism, in which the Standard Model is extended with extra SU{3) x SU{2) x U{1) singlets [2111]. In this 
case the resulting neutrino mass matrix in general is a A^ x A'^ matrix with A^ > 3. Here we analyse the structure of 
this matrix in the high and low-scale type-I seesaw schemes. 

A. The standard type-I seesaw 

In general seesaw schemes the neutrino mass matrix M^, can be decomposed in sub-blocks involving the standard 
as well as singlet neutrinos as follows 



M. = :7r ? ■ (1) 




in the basis i^, i^^, where the blocks Mi = M^ and M2 = M/j are symmetric matrices. Though the number of singlets 
is arbitrary, here we take an equal number of SU(2) doublets and singlets, and consider the simplest type-I seesaw, 
where no Higgs triplet is present, so the upper left sub-matrix Mi = in Eq. ([l]) [5_ ^. Neutrino masses arise by 
diagonalizing the matrix of Eq. M , 

C/^ M^ U ^ real, diagonal. (2) 

through the transformation U connecting the weak states to the light and heavy mass eigenstates. We adopt a polar 
decomposition for U where 



U^exp{iH)-V, H=i . \, V=[ ']. (3) 





so we have a power series expansion for Eq. ds]) given as [B]: 

-^SS'')Vi iSV2 

iSVi (l-^S'f S) V-2 



(/=<'- '55'"',, ■'r=..,Uo(.=)M;;r;i. w 




In this case light neutrinos get mass only as a result of the exchange of heavy gauge singlet fermions. 



where we defined: 

e = MDM^\ (5) 

Substituting Eqs. ((sl) and (IT]) in Eq. (pi) one finds, from the requirement of vanishing off-diagonal sub-blocks, that: 



i S* = ~Mn M 



'R 



SO that, using Eq. ^ in Eq (pi we determine U as: 



U 



_( {l-\M*j,{M*^)-^M^Hll)V, 



-M^i M^ Vi 






+ 0{e% 



leading to an effective light neutrino mass matrix 



m^ 



-MdM^HiI 



(6) 



(7) 



(8) 



This is the so called type-I seesaw mechanism. The smallness of neutrino masses follows naturally from the heaviness 
of the SU{2)l singlet neutrino states j/j. Most seesaw descriptions assume equal number of doublets and singlets, 
n = m = 3. However, since singlets carry no gauge- anomaly, their number is arbitrary [51 [6]. In this paper we will 
consider not only the case (n, to) = (3, 3) just described, but also the inverse and linear seesaw schemes, which belong 
to the (3,6) class, see below. 

B. Inverse type-I seesaw 



As an alternative to the simplest SU{3) x SU{2) x C/(l) type-I seesaw model, it has long been proposed extending 
the seesaw lepton content from (3,3) to (3,6), by adding three extra SU{2) singlets |2] "^ "^i charged under U{1)l 
global lepton number the same way as the doublet neutrinos Vi, i.e. L — +1. After electroweak symmetry breaking 
one gets the mass matrix 

/ Mn 



M„ = 



ME 



M 



(9) 



\ M" ^ 

1. Note that U{1)l is broken only by the nonzero ^ijSiSj mass 



in the basis v, v"^, S, where the three i'^ have L 
terms. 

Generalizing the perturbative expansion method in Ref. [B] already used in the previous section one finds that the 
mass matrix in Eq. (|9| can be block diagonalized as 

U^ -AU-U = block diag 



(10) 



with 



U 




/ — 1^8282 

^S2\ 





+ o(a 



182 

282 82 



(11) 



For simplicity we add the isosinglet pairs sequentially, though two pairs would suffice to account for the oscillations. 



where Si and 5*2 are 3x3 matrices. In the limit /i — > we have Si = S2 = S where 

iS* = — ^mc (Af^)"^ ~ e. (12) 

With such matrix the hght neutrino mass obtained after type-I seesaw is 

m,, ^ MoM^^'fiM-'^M]^. (13) 

Note that, in the hmit as /^ — > the lepton number symmetry is recovered, making the three hght neutrinos strictly 
massless. Thus the smallness of neutrino mass follows in a natural way, in the sense of 't Hooft [25], as it is protected 
by U{1)l. One sees also that U consists of a maximal block rotation, corresponding to the Dirac nature of the three 
heavy leptons made-up of i''^ and 5* in the limit as /i — )• 0, and two rotations similar to Eq. Q for the minimal type-I 
seesaw case considered in the previous section. 

Note also that the idea behind the so-called inverse seesaw model can also be realized for other extended gauge 
groups e.g. [2BH2H] . Moreover, in specific models, the smallness of /i may be dynamically generated pS] . 

C. Linear type-I seesaw 

An alternative seesaw scheme that can also be realized at low-scale is called the linear seesaw, and has been suggested 
as arising from a particular 50(10) unified model |H] (for other possible constructions see [13 [3D]). Once the extended 
gauge structure breaks down to the standard SU{3) x SU{2) x t/(l) one gets a mass matrix of the type 

(14) 

in the same basis ly, v^ , S used in Sec. |IIB| Although theoretical consistency of the model requires extra ingredients, 
such as Higgs scalars to generate the M/, and M = Mj^ entries, here we consider just the simpler phenomenological 




scheme defined by the effective mass matrix in Eq. ( 14 ) , as it suffices to describe the processes we are interested in. 



The block-diagonalization proceeds in a very similar way as to the inverse seesaw case, in fact, for sufficiently small 



Mi M ^ the relations Eq. (Ill and Eq. ( 12 ) are the same in both schemes. One finds that the effective light neutrino 
mass is now given by 

m, = MoiMLM-Y + {MlM-^)MI. (15) 



One sees that, in contrast to the "usual" seesaw relations for the effective light neutrino mass, Eqs. (|8|) and (13), the 



formula in Eq. (15) is linear in the Dirac neutrino Yukawa couplings, hence the name linear seesaw. 

Notice also that the lepton number, defined as in the previous model, is broken only by the terms Ml v'^ S. As a 
result one sees that, in the limit as M^ — >■ the lepton number symmetry is recovered, making the three light neutrinos 
strictly massless. Again, as in the previous case, the smallness of neutrino mass follows in a natural way [25], as it is 
protected by U{1)l- 

III. UNITARITY VIOLATION AND THE MAGNITUDE OF LEPTON FLAVOR VIOLATION 

The effective lepton mixing matrix Ki^ characterizing the charged current weak interaction of mass-eigenstate 
neutrinos in any type of seesaw model has been fully characterized in Ref. [5^ . It can be expressed in rectangular form 

C D i^=WjbKbaJ^iyaL + h.c. , (16) 

v2 



where 

n 

Kbo. = Y, KbUco. , (17) 

c=l 

where fl is the 3 by 3 unitary matrix that diagonahzes the charged lepton mass matrix, while U is the unitary 
matrix that diagonahzes the (higher-dimensional) neutrino mass matrix characterizing the type-I seesaw mechanism 
of interest. We may write the K matrix as follows 

K^{Kl,Kh) , (18) 

where K^ is a 3 by 3 matrix and Kh is a 3 by 6 matrix. While the rows of the K matrix are unit vectors, since 
K ■ K^ — I, the blocks Kl and Kh are not unitary. 

For our purposes we can take the charged lepton mass matrix in diagonal form ^ so that J7 — )> 1. From Eq. ([t]) we 
obtain: 

Kl=(i- \M*o{M*)-\M)-'Mi\ Fi , 

V 2 j (19) 

Kh = (m;,(M*)-1) V2. 
In order to establish a simple comparison with recent literature we parametrize the deviation from unitarity as |32| 

Kl^{1-v)Vi. (20) 

Then for the simplest high-scale type-I see-saw, the deviation from unitarity characterizing the mixing of light neu- 



trinos, Eq. (19 1, is given by 



77 ^ \e*^ « \mUM*)-\M)-H-II. (21) 

Barring ad hoc fine-tuning, it follows that for this case one expects negligible deviation from unitarity, namely 
e « 10"^° and so ry « lO^^". 

From now on we focus on the low-scale type-I seesaw schemes discussed in Sees |IIB| and |IIC[ inverse and linear 
seesaw, respectively. Generalizing the above discussion to these cases one finds 



Kr 



I -\{MU{M^y)-\M)-Hil) 



Vi (22) 



Hence the parameters characterizing the deviation from unitarity analogous to Eq. (21 1 are given by 



5 



^'■^ « \ {M},{{M^r)-\MY^Ml) , (23) 

which holds for both the type-I inverse and linear seesaw mechanisms. These parameters characterize the corresponding 
unitarity deviation in the light-active 3x3 sub-block of the lepton mixing matrix. 

We now turn to the lepton flavor violating processes that would be induced at one loop in type-I seesaw mod- 
els, as a result of the mixing of SU(2) doublet neutrinos with singlet neutral heavy leptons. The latter breaks the 
Glashow-Illiopoulos-Maiani cancellation mechanism [33], enhancing the rates for the loop-induced lepton flavor vio- 
lating processes illustrated in Fig. IT] The li — ?► Ij^ decay process is induced through the exchange of the nine neutral 
leptons coupled to the charged leptons in the charged current, namely the three light neutrinos as well as the six 
sub-dominantly coupled heavy states [31 I34H37J . The resulting decay branching ratio is given by 



"* This may be automatic in the presence of suitable discrete flavor symmetries as in |31| 
^ For a recent study of unitarity violation in seesaw schemes see, for instance, Ref. |32| . 




FIG. 1: Feynman graphs for /x — )■ 67 decay in seesaw models. 



Br{k -> Ijj) 



^W^w ^i 



256^2 M^ Ti^ 



\G. 



W\2 



(24) 



where we use the exphcit analytic form of the loop- functions |36] 

Gf 



^9 



-tW 



fc=l ^ik^jk'-^-i \ Ml 

'^^-^ ^^(10 - 43x + 78x2 



G^ [x) — 12(1-2:) 



A9x'^ + l?>x^\nx + Ax'^) 



(25) 



and is presented in Fig. [2] for each case. The difference between the two models follows from the different dependence 
with the lepton number violating parameters that characterize these two low-energy type-I seesaw realizations. 
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FIG. 2: Br{^ — >■ 67) versus the lepton number violation scale: v^ for the inverse seesaw (left panel), and v^ for the linear 
seesaw (right panel) . In both cases one assumes normal hierarchy and the parameters are varied as explained in Sec. |IV[ We 
also indicate the limits from the MEGA collaboration j22| (upper line) and the recent limit from MEG [21] (lower line). 



One sees that the branching rations may easily exceed current limits. This reflects an important feature of low- 
scale seesaw models, namely, that lepton flavor violation as well as leptonic CP violation proceed even in the limit 
of massless neutrinos [SHUI. Unsuppressed by the smallness of neutrino mass, the expected rates are sizeable. The 
corresponding radiative LFV decays r — ^ 67 and r -^ fij are not as constraining as /x — ^ 67. Similarly, the fact that 
the neutral current couplings of charged leptons is flavor diagonal implies that the decay processes li — > Ijlklr are 
suppressed by a factor of (Xqed with respect to the radiative processes, hence less restrictive. 



Another very important lepton flavor violating process is mu-e conversion in nuclei, which arises both from short 
range (non-photonic) as well as long range (photonic) contributions. Explicit calculations [38] indicate that, given 
the nuclear form factors, one finds that current mu-e conversion sensitivities are effectively lower than those of the 
/i — > 67 decay. However the upcoming generation of nuclear conversion experiments aims at substantial improvement. 

IV. NUMERICAL ANALYSIS 

In order to perform our numerical calculations it is convenient to generalize the Casas-Ibarra parametrization [39] 
to the inverse and linear type-I seesaw schemes. For simplicity we will assume real lepton Yukawa couplings and mass 
entries. 



A. Inverse type-I Seesaw 

First note that one has always the freedom to go to the basis where the 3x3 gauge-singlet block M is taken 
diagonal. For real m£) matrix elements, we have in total 18 parameters, nine characterizing ttj/^, three characterizing 
M, plus six from the /i matrix. 

The Dirac neutrino mass matrix may be rewritten as 

mo = Vi diag(v/^) R^ [^Y^ ^^&g{Mf) (26) 

where Vi is (approximately) the mixing matrix determined in oscillation experiments |2], rhi are the three light 
neutrino masses. On the other hand the arbitrary real orthogonal 3x3 matrix R and the arbitrary 3x3 real matrix 
M are parameters characterizing the model. This parametrization for the inverse type-I seesaw is similar to that given 
in Ref. ^. 

In order to further reduce the number of degrees of freedom, we will make the "minimal flavor violation hypoth- 
esis" ^ which consists in assuming that flavor is violated only in the "standard" Dirac Yukawa coupling. Under this 
simplification the 3x3 matrix // must be also diagonal, reducing the parameter count from a total of 18 down to 15. 
These include the three light neutrino masses, and the three neutrino mixing angles contained in Vi. Next come the 
nine model-defining parameters, that may be taken as three parameters from the R matrix, three from the pt matrix, 
plus three parameters characterizing M . 

We have performed a scan at 3(T over the lightest mass and oscillation parameters, the three angles and the three 
masses in Vi and m^, respectively. For the scan over oscillation parameters we have used the 3cr determinations 
given in [2], and for the lightest mass parameter we took the cosmological bound from [?3]. We parametrize the real 
orthogonal matrix i? as a product of three rotations, marginalizing over the three angles from — 27r values. 

We have also fixed the upper value of the Dirac mass matrix to {m£,)ij < l75GeV to be consistent with pertur- 
bativity of the theory. The remaining six free parameters, from diaglfiu} and diag{Mii} matrices, are scanned as a 
perturbation from the identity matrix in the following way: 

M,,=VM (l + 4)> 

where |e| ^ 5 x 10^^. The parameter vm setting the M-scale was fixed to ITeV, while w^ scale was scanned in the 
range (0.1 — 10) eV. The two scales v^^m are consistent with the observed neutrino masses. 



® This simplifying assumption suffices to illustrate the points made in this paper. For alternative minimal flavor violation definitions see 
Refs. I40ll42l. 



B. Linear type-I Seesaw 

Similarly, for the linear seesaw case we can parametrize Dirac neutrino mass matrix as follows, 

mo = FidiagJV^} A^diaglV^} V^ {Mly^ M^, (28) 

where A has the following general form: 

\ '^ 
-a ^ c \, (29) 



2 

-b -c 



with a, b, c real numbers. In this case Ml and M = Mj^_ are general real matrices. One can always go to a basis where 
one of them is diagonal, for example Ml, reducing the total number of model parameters to 21. 

In order to further reduce the number of degrees of freedom, we make a similar "minimal flavor violation hypothesis" 
to this scheme too, namely, we choose the M matrix also to be diagonal, reducing from 21 to 15 parameters. The 



most general Dirac mass matrix is parametrized as in Eq. (28). Hence we have a model with 15 parameters that may 



be taken as three parameters from A matrix, three from the M^ matrix, three from the matrix M, in addition to the 
three light neutrino masses and three mixing parameters. 

As for the inverse type-I seesaw case, we could do the scan over the light neutrino mass and oscillation parameters 
and the 9 free parameters. The difference in this case respect to the inverse, is the structure of the A matrix in 



Eq. ( 29 ) . We scan over the A matrix parameters in the form: 

A,j e (0-10-2), (30) 



and now we define M^u in analogy to Ma in Eq. (27) and we vary vl = (0.01 — 10) eV 



V. NUMERICAL RESULTS 

Low-scale seesaw schemes lead to sizeable rates for lepton flavor violating processes as well as to non-standard 
effects in neutrino propagation associated to non-unitary lepton mixing matrix. In this section we will quantify the 



interplay between these, more precisely, between the branching ratio of Eq. ( 24 ) in the low-scale type-I seesaw schemes 



considered here and the magnitude of the unitarity deviation defined in Eq. (21), taking into account Eqs. (26) and 



(28) and the requirement of acceptable light neutrino masses. For definiteness we assume leptonic CP conservation 
so that all lepton Yukawa couplings and mass entries are real. 

We have computed the branching ratio (BR) for the charged lepton flavor violating radiative processes using 



Eq. (24), accurate to order 0(e) in the neutrino diagonalizing matrix, and displayed the degree of correlation of these 
observables with the corresponding unitarity violating parameters \r]ij\. 

In Fig. [3] and Fig. B] we show the results for the inverse type-I seesaw scheme with Normal (NH) and Inverted (IH) 
neutrino mass hierarchy for the process fx — > 67, respectively. The points result from a scan over the light neutrino 
mass and mixing parameters at 3 a, together with the scan over the 9 free model parameters defined above. 

In Fig. [5] and Fig. [6] we show the corresponding results for the r — > £7 branching ratio in the inverse type-I seesaw 
scheme with Normal Hierarchy (NH) and Inverted Hierarchy (IH), respectively. 

In Fig. [7] and Fig. [8] we show the corresponding results for the process r — > nj within the inverse type-I seesaw, 
for Normal Hierarchy (NH) and Inverted Hierarchy (IH) neutrino spectra, respectively. 

Now we turn to the linear type-I seesaw scheme. In Fig. [9] and Fig. [lO] we show our results for the branching ratio 
for the process /i — > 67 in such linear seesaw for Normal Hierarchy (NH) and Inverted Hierarchy (IH), respectively. 
The points are obtained through a scan over the neutrino oscillation parameters, as well as the free model parameters, 
as already described. 
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FIG. 3: Branching for the process /^ — >■ 67 in type-I inverse seesaw scheme with normal hierarchy (NH). We scan over the light 
neutrino mass and mixing parameters at 3 ct, and over the model parameters, fixing vm at 1 TeV and varying the i;^ scale 
from 1 X 10~^° GeV to 1 x 10~* GeV . We also indicate the limits from the MEGA collaboration (upper line) and the recent 
limit from MEG (lower line). 






10-' 
10-" 


Wk 


^H 








10-' 

io-« 


^ 


■ 


■ 


tf 


- 




10-" I^^^^H 


^^^^H 


^^^H^. 






io-'>|l|||^H 


■ 




^HE" 


- 




in-'" ^^^^1 


^^^1 








in-'" ^H 


■ 


■ 


HI'-- 


- 


T 


HJ^^^^H 


^^^^^^^1 






T 

a 
S" 


10 " 
10 ' 
10 ' 








^^B^;^. 




:l 






^"^S^^^^"^'" 




10-'- 
10-'-' 


?^.^^SB 


^H 


K 




* J^ 


1 


■ 


W- 


~ 




10-" 

10-" 
10 




RH 


Py 






10 " 

10 ' 

10 


N 


% 


■ 


w 


- 




-^ 10-^ 


10-' 10-' 


10-' 


10- 


*■ in 


10 


10-' 


10-'' 


10- 








WA 














\4i'i\ 







FIG. 4: Same as Fig. [s] for the Inverted Hierarchy (IH) case. 
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FIG. 5: r — >■ 67 branching ratio in the inverse type-I seesaw with Normal Hierarchy (NH). The scan is performed as in Fig. Is] 
and the indicated limit is from the PDG 1201. 



In Fig. 11 and Fig. 12 we show our results for the r — >■ 67 branching ratio, for the Normal Hierarchy (NH) and 



Inverted Hierarchy (IH) case, respectively. Finally, in Fig. 13 and Fig. 14 we present the corresponding results for 
the T — > /i7 process. 

These results are summarized in table IT] One sees that the magnitude of non-unitarity effects in the lepton mixing 
matrix can reach up to percent level is not in conflict with the constraints that follow from lepton flavor violation 
searches in the laboratory. Given the large - TeV scale - assumed masses of the singlet "right-handed" neutrinos there 
are no direct search constraints piH15] . The main factor limiting the magnitude of non-unitarity effects then becomes 
the weak universality constraints. As expected, there is stronger degree of correlation between /i — > 67 and 7712 than 
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FIG. 6: Same as Fig. [5] for Inverted Hierarchy (IH). 
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FIG. 7: r — >■ /^7 branching ratio in the inverse type-I seesaw with Normal Hierarchy (NH). The scan is performed as in Fig. Is] 
and the indicated limit is from the PDG 1201. 
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FIG. 8: Same as Fig. IT] for Inverted Hierarchy (IH). 

other ?7's, or bet"ween r — ^ 67 and ryia than others, etc. As a result in these cases one obtains the strongest restriction 
on unitarity violation. 



Before closing let us comment on the robustness or our results "with respect to the assumptions made in Sec. IV 



Insofar as the regions obtained in Figs. ([3l)-([l4| are concerned, we can state that they remain "allo"wed" once one 
departs from our simplifying assumptions. As expected however, we have verified that the regions obtained away 
from the simplifying assumptions may allow for somewhat larger values of the lepton-flavor-violating parameters r\ 
affecting neutrino propagation. However, on account of weak universality constraints, we prefer to stick to the more 
conservative values we have presented in Table IT] 



11 



10- 
1Q-' 
IQ-' 
10-' 
10-' 
10-' 
10-' 
10-' 
10-' 



^^^^^^H^^^^ ■'- 
^ I I 



10-'' 10-' 10--' 10-"' lo- 
l'?12l 





FIG. 9: Branching for the process /i — > 67 in type-I linear seesaw with Normal Hierarchy (NH). We scan over the parameters 
as in Fig. [S] The limits from the MEGA and MEG collaborations are indicated by the upper and lower horizontal lines. 
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FIG. 10: Same as in Fig. S] for Inverted Hierarchy (IH). 
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FIG. 11; r — )■ 67 branching ratio, in Linear type-I seesaw for Normal Hierarchy (NH). Parameters scanned as in Fig. Island 
the indicated limit is from the PDG [20) . 

VI. CONCLUSIONS 



The physics responsible for neutrino masses could lie at the TeV scale. In this case it is very unlikely that neu- 
trino masses are not accompanied by non-standard neutrino interactions that could reveal novel features in neutrino 
propagation. Similarly, lepton flavor violation should also take place in processes involving the charged leptons. 

Within low-scale seesaw mechanisms, such as the inverse and linear type-I seesaw, we have found that non-unitarity 
in the lepton mixing matrix up to the percent level in some cases, is consistent with the constraints that follow 
from lepton flavor violation searches in the laboratory. This conclusion holds even within the simple "minimal flavor 
violation" assumptions we have made. As a result the upcoming long baseline neutrino experiments [24] do provide an 
important window of opportunity to perform complementary tests of lepton flavor violation in neutrino propagation 
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FIG. 12: Same as Fig. 11 for Inverted Hierarchy (IH). 
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FIG. 13: r — >■ nj branching ratio, in Linear type-I seesaw for Normal Hierarchy (NH). Parameters scanned as in Fig. [sland 
the indicated limit is from the PDG 1201. 
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FIG. 14: Same as Fig. [TT]for Inverted Hierarchy (IH). 



and to probe the mass scale characterizing the seesaw mechanism. 
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Process 
Hierarchy 



^ — >■ 67 
NH 



IH 



Iviil < 1.4 X 10--' 

IriUl < 2.0 X 10-2 

2.7(2.1) X 10"^ 



l^y^l < 



\vt2\ < 11.0(9.6) 

.L 



\vi:3\ < 



1.4 X 10"* 

2.1(1.6) X 10"^ 

2.5(1.9) X 10^2 



X 10"^ 1.5(1.1) X 10"* 
3.1(2.7) X 10^2 ""■■ 

Iri^il < I 2.8(2.2) X 10"^ 



3.3 X 10^2 
3.0 X 10^2 



67 



NH 



IH 



2.8 X 10"^ 2.8 X 10"^ 

M X 10"^ 1.1 X 10"^ 

.4 X 10"^ 4.3 X 10"^ 



5.1 X 10^2 5.2 X 10^2 
1.1 X 10"^ 1.0 X 10"^ 
5.5 X 10"^ 5.4 X 10 



^^■y 



NH 



IH 



2.8 X 10"^ 2.8 X 10~^ 

3.1 X 10"^ 3.2 X 10"^ 

1.2 X 10"^ 1.2 X 10"^ 



5.3 X 10^2 5.7 X 10"^ 
4.8 X 10"^ 4.8 X 10"^ 
1.2 X 10"^ 1.2 X 10"^ 



TABLE I: Limits on unitarity violation parameters from lepton flavor violation searches. The numbers given in parenthesis 
correspond to the improvement obtained with the recent MEG limit on ^ — ^ 67. Other entries in the table are unchanged. 
These limits express the correlation between lepton non-unitarity and LFV that holds in low-scale seesaw schemes under a 
"minimal flavor violation hypothesis" deflned in the text. 
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